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FOREWORD

The mission of the Federal Motor Carrier Safety Administration (FMCSA) is to reduce crashes,
injuries, and fatalities involving large trucks and motorcoaches. Research on existing datasets
supports this mission. The purpose of this study was to analyze naturalistic driving data collected
from motorcoach and heavy truck drivers to investigate driver distraction and drowsiness. This
study includes more than 3.8 million miles of naturalistic data from 225 vehicles and 245 drivers.
The resulting report includes a literature review on the motorcoach and trucking industry; a
description of the methods used to collect, reduce, and analyze the data; and a discussion of the
results and conclusions.

The intended audience is FMCSA and other commercial motor vehicle (CMV) industry
stakeholders. There were no previous printings of this document in its entirety.

NOTICE

This document is disseminated under the sponsorship of the U.S. Department of Transportation
(USDOQOT) in the interest of information exchange. The U. S. Government assumes no liability for
the use of the information contained in this document. The contents of this report reflect the
views of the contractor, who is responsible for the accuracy of the data presented herein. The
contents do not necessarily reflect the official policy of the USDOT. This report does not
constitute a standard, specification, or regulation.

The U. S. Government does not endorse products or manufacturers named herein. Trademarks or
manufacturers’ names appear in this report only because they are considered essential to the
objective of this report.

QUALITY ASSURANCE STATEMENT

The Federal Motor Carrier Safety Administration (FMCSA) provides high-quality information to
serve Government, industry, and the public in a manner that promotes public understanding.
Standards and policies are used to ensure and maximize the quality, objectivity, utility, and
integrity of its information. FMCSA periodically reviews quality issues and adjusts its programs
and processes to ensure continuous quality improvement.
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SI* (MODERN METRIC) CONVERSION FACTORS

Approximate Conversions to Sl Units

Symbol When You Know | Multiply By | To Find | Symbol
Length
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
Area
in? square inches 645.2 square millimeters mm?
ft2 square feet 0.093 square meters m?
yd? square yards 0.836 square meters m?
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
Volume (volumes greater than 1,000L shall be shown in m?)
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m?
yd? cubic yards 0.765 cubic meters m?
Mass
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2,000 Ib) 0.907 megagrams (or “metric ton”) Mg (or ‘")
Temperature (exact degrees)
°F Fahrenheit 5(F-32)/9 or (F-32)/1.8 Celsius °C
lllumination
fc foot-candles 10.76 lux Ix
fl foot-lamberts 3.426 candela/m? cd/m?
Force and Pressure or Stress
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
Approximate Conversions from Sl Units
Symbol When You Know | Multiply By | To Find | Symbol
Length
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
Area
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft2
m? square meters 1.195 square yards yd?
Ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
Volume
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m? cubic meters 35.314 cubic feet ft®
m? cubic meters 1.307 cubic yards yd?
Mass
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or “t") megagrams (or “metric ton”) 1.103 short tons (2,000 Ib) T
Temperature (exact degrees)
°C Celsius 1.8¢c+32 Fahrenheit °F
lllumination
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-lamberts fl
Force and Pressure or Stress
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

* SI is the symbol for the International System of Units. Appropriate rounding should be made to comply with

Section 4 of ASTM E380. (Revised March 2003, Section 508-accessible version September 2009.)
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EXECUTIVE SUMMARY

BACKGROUND

The objective of this study was to reduce and analyze previously collected naturalistic data about
heavy vehicles (trucks and motorcoaches) to better understand crashes involving heavy vehicle
drivers. One element involved investigating driver distraction and the role it plays in commercial
motor vehicle operations. Driver distraction can be defined as a diversion of attention away from
activities critical for safe driving and toward a competing activity.() Analyses of crash databases
have indicated that driver distraction is a primary contributing factor in approximately 25-30
percent of crashes.? This estimate is based on police accident reports completed at the crash
scene. That is, the investigating officer could report distraction or inattention based on
observation or driver admission. Because these reports may record inaccurate or incomplete
information, it is commonly believed that the actual percentage of distraction-related crashes
may be substantially higher.®® This study also examined SCEs and fatigued driving as a function
of driving hour to determine how driver behavior may change across a shift.

PROCESS

More than 3.8 million miles of data were collected from seven fleets and 10 locations under the
original Onboard Monitoring System Field Operational Test (OBMS FOT) study.® Table ES1
below shows a breakdown of each fleet by operation type, the number of vehicles and drivers,
and the duration of data collection.
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Table ES1. Participating fleets by location, operation type, vehicle, drivers, and participation time.

Fleet Location Operation Vehicles Drivers | Participation
A Baton Rouge, LA | Grocery—reefer 65 58 1 year
Dry goods—long-haul and regional,
B Escanaba, M1 both company and owner-operator 8 9 3 months
drivers
C Selma, NC Fuel-tanker 35 47 3 weeks
D I"Eimpa and Taft, Fuel-tanker 42 23 6 months
E Los Angeles, CA | Motorcoach 22 38 1 year
F San Antonio, TX | Motorcoach 21 35 2 years
1 month
. . (Coraopolis),
G Coraopolis, PA Oil field 14 17
3 weeks
(Williamsport)
H Pembroke, NH Grocery—reefer 18 18 1 year

The data acquisition system used in the study included five video cameras. The multiplexed
image in Figure ES1 illustrates the five views: forward, face, over-the-shoulder, left mirror, and
right mirror. In addition to the continuous collection of video data, various channels of kinematic
data were continuously collected.

Figure ES1. Photo. Five camera images multiplexed into a single image.
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These study data were processed with a set of sensor trigger values to identify SCEs. Video and
data were reviewed manually to ensure SCE validity and group them into one of five categories:

Crash.
Near crash.

Crash-relevant conflict.

b=

Unintentional lane deviation.

This process resulted in 4,102 valid events and 14,198 baseline epochs (periods of normative
driving). Analyses were conducted to investigate eight research questions, the salient results of
which are summarized in Table ES2 below.

STUDY FINDINGS AND CONCLUSIONS

Table ES2. Research question summary table.

Research Question

Study Finding

Research Question 1: What are
the types, and what is the
frequency of tasks in which drivers
engage prior to involvement in
SCEs? What are the ORs, and what
is the PAR percentage for each task

type?

Motorcoach: Dancing showed a reduced risk of being involved in an SCE.
In contrast, the following showed an increased risk of being involved in an
SCE: reaching for object; adjusting instrumental panel
adjusting/monitoring other device integral to vehicle; external distraction;
removing/adjusting clothing; and personal hygiene.

Truck: Dancing and talking/singing showed a reduced risk of being
involved in an SCE. In contrast, the following showed an increased risk of
being involved in an SCE: reaching for object; interacting with electronic
dispatching device; other electronic device; adjusting/monitoring other
device integral to vehicle; external distraction; reaching for food- or drink-
related items; and removing/adjusting clothing.

Research Question 2: What is the
prevalence, and what are the
characteristics of hands-free and
hand-held cell phone use? What are
the odds, and what is the PAR
percentage of being involved in an
SCE while talking on a hand-held
or hands-free cell phone?

Motorcoach: Overall, cell phone use was lower for motorcoach drivers.
Talking/listening on a hand-held phone showed no change in risk while
talking/listening on a hands-free device showed a reduced risk of being

involved in an SCE.

Truck: Talking/listening on a hand-held phone showed no change in risk
while talking/listening on a hands-free device showed a reduced risk of
being involved in an SCE. Browsing and texting showed an increased risk
of being involved in an SCE.

Research Question 3: What are
the environmental conditions
associated with driver choice of
engagement in tasks? What are the
odds, and what is the PAR
percentage of being in an SCE
while engaging in tasks while
encountering these conditions?

Motorcoach: The majority of the SCEs occurred in daylight, with no
adverse conditions, on non-junction roadways, on divided roadways, and
in moderate traffic areas such as airports and business/industrial areas.

Truck: The majority of the SCEs occurred in daylight, with no adverse
conditions, on non-junction roadways, on divided roadways, and in low
traffic such as the interstate.
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Research Question

Study Finding

Research Question 4: What are
the ORs of eyes off forward
roadway? Does eyes off forward
roadway significantly affect safety
and/or driving performance?

Results for both motorcoach and truck drivers showed that the longer the
driver’s eyes were off the forward roadway, the greater the risk of being
involved in an SCE, with a significant increase once the driver’s eyes were
off the road for more than 2 seconds.

Truck SCEs with a secondary task of browsing had one of the highest
mean eyes off roadway time of 4 seconds while texting had the highest
mean eyes off roadway time of 5 seconds.

Research Question 5: What is the
prevalence of driver drowsiness?
What are the odds, and what is the
PAR percentage of being in an
SCE while drowsy?

Drowsiness was observed more frequently in truck data than in
motorcoach data and more frequently in SCEs than in baseline epochs.

Research Question 6: How does
driver drowsiness vary when
drivers are involved in a secondary
task?

Few observations of drowsiness coupled with secondary tasks occurred for
motorcoach drivers.

Both conducting a hands-free phone call using a headset or earpiece or
talking/listening on a hands-free call were associated with lower
drowsiness for truck drivers.

Other tasks associated with alert driving involved drivers moving their
bodies in the vehicle for tasks such as adjusting features of the instrument
panel and observing external distractions.

Research Question 7: What is the
impact of time on task on the risk
of SCEs as a function of driving
hour? Is there a significant increase
in risk associated with increasing
hour of driving?

Overall, it can be inferred that there is a significant increase in risk
associated with increasing hour of driving. SCE risk rate can increase to
two to three times higher than in the 1% hour, hitting peak value at the 8"
hour.

The pairwise comparison results show that the first 10 driving hours can be
further grouped into three parts: low SCE rate (the 1* hour), moderate SCE
rate (the 2™ hour), and high SCE rate (the 3™ through the 10 hour).

Research Question 8: What is the
prevalence of driver drowsiness by
hour of driving? Is there a
significant increase in driver
drowsiness by hour of driving for
both SCEs and normal driving
segments?

Results for SCEs show multiple peaks, including the 2™, 3, and 9™ hour.
There was no pattern of increasing drowsiness after the 8" or 9" hour. The
timing and duration of the drivers’ breaks could impact driving behavior,
and the time of the day of the trip could also affect drivers’ drowsiness.

STUDY LIMITATIONS AND NEW OPPORTUNITIES

As in any research study, and especially with naturalistic driving data, there were some
limitations to this study. One noticeable limitation when considering driver drowsiness research
is that none of the fleets were dedicated over-the-road operations; therefore, not many drivers
drove extended hours. While the Onboard Monitoring System Field Operational Test (OBMS
FOT) aimed to collect data from a representative sample of fleets and drivers for 1 year each, 3
of the 10 fleets collected data for less than 3 months and one fleet collected data for less than 6
months.®) This led to the majority of the data collection occurring from mostly local and regional

fleets.
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Despite this limitation, more than 3.8 million miles of data were collected that provide valuable
information. One of the key findings and takeaways from this study is the reduction of cell phone
use among both motorcoach and truck drivers.

Stakeholders and the Federal Motor Carrier Safety Administration (FMCSA) may consider
additional research questions that might be answered with this existing dataset or require a more
extensive data collection effort. Topics may include research into fatigue measures and the
correlation of fatigue and events during a driver’s shift. Larger efforts, perhaps similar in scope
to other large-scale truck studies, would provide additional data to analyze to gain a better
understanding of the safety issues faced by motorcoach drivers.
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1. INTRODUCTION

1.1 PROJECT OVERVIEW

The objective of this study was to reduce and analyze data from previously collected heavy-
vehicle naturalistic data to better understand crashes involving heavy-vehicle drivers.
Naturalistic data collection and reduction has become the gold-standard method for investigating
driver distraction as it allows researchers to see what a driver is doing just prior to a safety
critical event (SCE) in real-world settings. For a given SCE (e.g., a crash, near-crash, crash-
relevant conflict, or unintentional lane deviation), various contributing factors—including
environmental, vehicle, and driver—may play a role. Previous studies have found that driver
factors are by far the most prominent contributing factor in crashes.®”-®

The Onboard Monitoring System Field Operational Test (OBMS FOT) was funded by the
Federal Motor Carrier Safety Administration (FMCSA) to evaluate the effects of driver coaching
while using an OBMS.”) During that study, Virginia Tech Transportation Institute’s (VTTI)
NextGen data acquisition systems (DASs) were installed to collect continuous, naturalistic data
from 44 motorcoach vehicles and 151 heavy trucks. Previously, two-thirds of the motorcoach
data had been reduced and analyzed.(!”) One-third of the motorcoach data and all truck data
remained unanalyzed. The current study involved reducing the remaining data collected during
the OBMS FOT, and combining that with the previously reduced OBMS FOT data, to answer
the eight high-priority research questions noted in the FMCSA’s Request for Proposal. The data
reduction methodology used in the recently completed Distraction and Drowsiness in
Motorcoach Drivers study(!" and pioneered in previous VTTI naturalistic driving studies(!%!319
was used to complete the reduction for the remaining data.

This study investigated driver distraction and the role it plays in commercial motor vehicle
(CMV) operations. Driver distraction is “the diversion of attention away from activities critical
for safe driving and toward a competing activity”.(!>) Analyses of crash databases have indicated
that driver distraction is a primary contributing factor in approximately 25-30 percent of
crashes.(!®) This estimate is based on police accident reports completed at the crash scene (i.e.,
the investigating police officer indicated “distraction” or “inattention” if the driver admitted to
being distracted or inattentive and/or if distraction or inattentiveness was readily apparent based
on eyewitness observation). Because this method has the potential to record inaccurate or
incomplete information, it is commonly believed that the actual percentage of distraction-related
crashes may be substantially higher.(!” This study also examined safety-critical events (SCEs)
and fatigued driving as a function of driving hour to determine how driver behavior may change
across a shift.
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2. REVIEW OF THE LITERATURE

2.1 DRIVER ERROR

Various factors can contribute to a vehicle crash or be identified as the critical reason for a crash.
In the Large Truck Crash Causation Study (LTCCS), researchers found that of the 963
investigated crashes involving large trucks that crashed with other vehicles, 55 percent of the
large trucks involved were assigned the critical reason for the crash.'® Most factors resulting in
a crash fall into one of three main categories: vehicle factors (e.g., brakes and tire condition),
environmental factors (e.g., weather and road conditions) or driver factors (e.g., failure to yield,
inattention). However, studies have reported that the majority of crashes can be attributed to
driver factors.!>2%:2) The LTCCS reported that for all large truck crashes in which the truck was
assigned the critical reason for the crash, 87 percent of the crashes were due to driver error (i.e.,
performance, non-performance, recognition, or decision). The most common type of driver error
for large trucks was “driver recognition”, including the failure to see or react to another vehicle
to avoid a crash. This type of driver error is largely due to inattention or distraction.(??
Performance and non-performance errors refer to actions such as staying in the lane and are often
attributed to drowsiness or illness effects.®® Motorcoach crashes reflect similar driver errors. An
investigation of factors in fatal motorcoach crashes demonstrated that failing to yield and
inattention comprised the highest percentage of errors.?%

2.1.1 Driver Distraction

The type of driver distraction prior to a crash is not always known and may be reported as a
general distraction. Driver distraction can be classified as visual, biomechanical, auditory, or
cognitive.?> These distractions can be related to driving, such as scanning an environment for
landmarks to use in directions or adjusting the seat. They can also be unrelated to the driving
task, such as reaching for food or attending to social media on cell phones. Furthermore,
distractions can be internal, such as a passenger demanding attention, or external, such as
something occurring outside of the vehicle catching the driver’s attention. In these scenarios, the
distraction takes the driver’s attention away from the driving task. Engstrom et al. defined driver
distraction as something that occurs when a “driver allocates resources to a non-safety critical
activity while the resources allocated to activities critical for safe driving do not match the
demands of these activities.”?® These seemingly short tasks can result in serious crashes, with
tasks that are visual in nature posing the greatest risk.?” One study using naturalistic driving
data estimated that if a driver takes their eyes off the forward roadway for over 2 seconds, the
risk of a crash doubles.*® Both large truck and motorcoach drivers engage in these distractions
with potentially dire consequences.

2.1.1.1 Commercial Motor Vehicle (CMV) Distraction Research

Studies have attempted to capture the prevalence and dangers of distraction for CMV drivers.
Olson et al. used a naturalistic driving dataset of 4,452 SCEs and 19,888 baseline epochs to
estimate prevalence and risk of SCEs while driving distracted. The study calculated odds ratios
(ORs) for a range of tasks—that is, the odds of being involved in an SCE associated with a given
task as compared to the absence of that task. Olson et al. found significantly higher ORs of SCE
involvement when drivers were engaged in activities such as texting (23.4), writing (8.98),



dialing on a cell phone (5.93), reaching or using an electronic device (6.72), personal grooming
(4.48), and reaching for an object (3.09). However, smoking and talking or listening to someone
on a hands-free phone resulted in a significantly lower ORs of SCE involvement (0.60 and 0.44
respectively).?” Though previous light-vehicle simulator research found a significant increased
risk of driver error with any type of cell phone use,*? this research indicates that while some
secondary tasks result in a greater chance of SCE involvement, some may offer a “protective
factor.” Talking or listening on a hand-held phone did not provide the same protective qualities,
however, and had no impact on the odds of an SCE (1.04).

In a report for FMCSA, Hickman, Hanowski, and Bocanegra used 1 year of existing epoch data
from DriveCam (now called Lytx) to assess prevalence and risk of distractions for CMV and bus
operators. Event recorders installed on vehicles saved 8 seconds of video prior to and 4 seconds
after criteria for when a possible SCE was met or surpassed. Using baseline data, researchers
calculated ORs for different types of distractions. ORs for SCEs were found to be significant if
drivers engaged in any of the following tasks: dialing a cell phone (3.51), reaching for a cell
phone (3.74), and talking or listening on a hands-free phone (0.65 or 0.44, respectively).
These results may be lower than the findings of Olson et al. due to driver knowledge that their
supervisors were aware that an event had occurred and had access to the video clips. The
DriveCam recorders had a light that flashed, indicating that an event was recorded and stored.
Nevertheless, these results support the conclusion that though complex secondary tasks can
increase the likelihood of involvement in an SCE by more than three times (when compared to a
baseline epoch), talking or listening via a hands-free phone actually decreases the likelihood of
involvement in an SCE. Results here also mirrored previous results by Olson et al. that talking or
listening on a hand-held phone had no impact on the ORs of an SCE (0.90 and 1.04
respectively).(%3%)

A study by researchers in Sweden conducted observations and interviews with CMV drivers to
shed light on what kind of secondary tasks drivers were engaging in and why they were engaging
in them. Most of the secondary tasks drivers engaged in were considered environmental-related
“necessities” (33.3 percent) such as getting food, adjusting their seat, or removing a coat,
followed by manipulating a mobile phone (25.6 percent), using in-truck technology (22 percent),
or administration tasks (7.4 percent) such as paperwork.*¥ It is important to note that the
administrative tasks observed during this study were not necessary and were done by drivers out
of curiosity. Drivers explained that they were engaged in these activities primarily to alleviate
boredom from the monotonous driving of a familiar or easy route. Boredom is the strongest
predictor of driver distraction and strongest predictor of proneness to driver error.®® Drivers
indicated that the more technologies they have in their trucks to help them perform their jobs, the
more bored they became. One driver stated that he engaged in the other activities to refresh his
mind from the monotony. Drivers feel that switching their focus to something else for even a
short time helps to prevent drowsiness and gives them the stimulation they need to continue
driving safely.

A study by Fitch and Hanowski found that when driving task demands increase, CMV drivers
reduced how much time they conversed on the phone because they made their own assessment of
the danger of activities before engaging in them.*® This decision-making may explain the
protective factor seen in previous studies of some activities.*”*® Drivers also stated that they
continued to do multiple tasks while driving not because of pressure from work to get things



done, but from personal desires to be home. Boredom and self-inflicted pressures to return home
motivates CMV drivers to become distracted while driving and increase their chances of
crashing three-fold.C*?

2.1.1.2 Motorcoach Distraction Research

Motorcoach driver distraction has also been identified as a significant problem.%434445 Dye to
the nature of their job, motorcoach drivers have inherently different distractions than CMV
drivers. Beyond driving, motorcoach drivers must also adhere to predetermined timetables and
perform customer service duties such as handling money and inquiries from the public. These
duties can interrupt their schedule and concentration, causing stress.!*>43) Different types of
motorcoaches have different pressures and schedules. Transit and school buses are usually on a
predictable and regular schedule and together make up most fatal crashes involving
motorcoaches (32.5 percent and 38 percent respectively). Intercity buses usually travel longer
and have more traffic to navigate, while charter buses have a very unpredictable schedule and
longer hauls. Less research has been conducted on motorcoach operator distraction than on large
truck driver distraction, but a few studies have attempted to gain a better picture of motorcoach
operator distraction. Griffen, Husingh, and McGwin used trained investigators to observe and
record distraction behaviors of transit bus drivers over a period of 3 months. They found that
there was a 39 percent prevalence of distracted driving, mainly due to interactions with
passengers, but also from handling city traffic.¥

A study by Hammond et al. examined naturalistic data collected from more than 600,000 driving
miles by drivers of 43 motorcoaches to identify the tasks that bus drivers engaged in and
determine how these tasks affected the risk of an SCE. Researchers found that 37 percent of
SCEs and 89 percent of at-fault crashes involved non-driving related engagement in secondary
tasks. Cell phone use was rare. The only tasks that significantly increased SCE risk involved the
driver reaching for an object, looking outside, or using the intercom to talk to passengers.>
These results are specific to conditions of a motorcoach driver and warrant further investigation
to fully understand their effects.

2.1.2 Driver Fatigue

Researchers, transportation officials, and FMCSA have all identified driver fatigue as a serious
concern for vehicle safety and deemed it to be significantly associated with fatal CMV
crashes.*4748) The LTCCS reported that driver fatigue was an associated factor assigned to
13% of CMV crashes.*” Hours of service (HOS) regulations for CMV and motorcoach drivers
are in effect to limit the number of hours a driver may remain behind the wheel without taking a
break. Drivers have reported that they become fatigued from insufficient time spent recovering
during off-duty times, work overload, not working according to their circadian rhythm, disturbed
sleep patterns, and the time sensitivity associated with the nature of their jobs.*” Drivers are
aware of the serious impact that fatigue can have on their safety: 32 percent of long-haul truck
drivers reported that they had made a serious error while they were fatigued; 52.1 percent

reported having a near-miss traffic incident; and 18.5 percent reported being involved in a
crash.®V



2.1.2.1 CMYV Fatigue Driving Research

Many factors related to being a CMV operator may contribute to fatigue. A survey of 502 truck
drivers at truck stops revealed that longer loading and unloading times are significantly related to
fatigue, as are the time and hours of undisturbed sleep.® Longer loading and unloading times
can cause drivers stress by affecting their future planned rests and loading times. This also
encourages them to continue driving when tired to make up time and money potentially lost
while waiting for the load/unload. The regularity of the route driven was also significantly
related to fatigue, supporting the idea that a low mental workload may be detrimental to the
driver’s safety performance. A study by Bunn, Slavova, and Rock found that drivers have a
difficult time finding places to pull over and rest when needed. Crashes involving fatigue were
more likely to be located 20 miles or more from a truck rest area than crashes not involving
fatigue.>?

Another study by Barr, Yang, Hanowski and Olson used naturalistic data to characterize fatigue
episodes and their effect on driving behavior. Over the 38,000 miles of recorded driving, 2,745
fatigue events were identified. Researchers concluded that fatigue events were more likely to
occur and be more severe in the early morning hours of 6:00 a.m. to 9:00 a.m. or near the
beginning or end of a driving shift. Researchers used self-report questionnaire responses
regarding sleep quality and quantity as well as data from actigraphs—monitoring tools worn on
the wrist to measure sleep/wake patterns through movement—to rate fatigue. The study showed
that there was a weak connection between the quantity and quality of sleep and actual fatigue.*¥
More recent research analyzing 735,000 miles of driving found a relationship between the time
that drivers slept and driving risk, concluding that more sleep time between 1:00 a.m. and 5:00
a.m. lead to a lower driving risk than less sleep during that time frame.>> Another study of 106
drivers analyzed data from actigraphs and sleepiness and vigilance tests. The results affirmed the
importance of nighttime sleep, as drivers experienced greater nighttime fatigue when they only
had one nighttime period in their restart break versus more than one.*9)

Driving risk and how it changes over daily driving hours has been studied in several ways using
different data sources. A study by Jovanis, Wu, and Chen used carrier-provided driving logs to
compare driver schedules prior to a crash to schedules from drivers not involved in a crash. The
study included drivers from truck-load and less-than-truckload operations. The less-than-
truckload driver schedules showed increased crash odds for longer driving hours—especially
hours 5 through 11—although the dataset had very few crashes in hours 9, 10, and 11.4”) Blanco
et al. used naturalistic driving data, overlaid with detailed self-report logs of drivers’ work and
non-work related activities, to assess how risk of SCEs changed over driving hours. The study
included 97 drivers and 735,000 miles of continuous driving data. This study found no
significant differences in driving hours 8, 9, 10, and 11 in shifts with 11 driving hours, but an
increased SCE risk was observed in longer work hours.®® In both studies, there was lower risk
in driving periods that followed breaks. Another study by Liu, Guo, and Hanowski investigated
driver fatigue and its relationship with rest before driving and on duty driving hours. The study
measured fatigued driving performance using unintentional lane deviations (ULD). Researchers
found the ULD rate increased after 8 hours of driving in shifts that followed less than 7 hours of
sleep, a pattern not observed in shifts following more than 7 hours of sleep.®” These studies
show that driving hours in a shift may interact with risk from fatigue for commercial drivers.



2.1.2.2 Motorcoach Fatigue Driving Research

Motorcoach drivers work under different conditions than truck drivers and therefore face
different causes of fatigue. The most significant reasons related to their fatigue are pressures to
accept trips, driving even when they are tired in order to make a good income, and starting the
week tired.(®” Work-related stress can also lead to fatigue on the road.” Bus drivers indicate
that they are stressed by the thought of potential assaults, dealing with the exchange of money,
harsh weather conditions, traffic congestion, peak running times, and interactions with the
public.(®%3) In addition, motorcoach drivers can have long and unpredictable hours, which can
cause sleep disturbances and lead to stress and fatigue. What makes things even more difficult
for motorcoach and bus drivers is that they rarely have an appropriate in-cab rest facility to use.
This may hinder a driver’s ability to take adequate rest.(6+6>

A naturalistic motorcoach driving study analyzed video of 1,086 SCEs to determine an observer
rating of drowsiness (ORD) of low, moderate or high drowsiness for all drivers.(®® The ORD is
“a subjective assessment of how drowsy a naturalistic driving participant is based on his/her
physical appearance, behaviors, and mannerisms,” ¢7-6®) and is conducted on 60 seconds of video
data. Interestingly, most of the data, both SCEs and baseline epoch data, involved a driver with a
low drowsiness rating, meaning that they were perceived to be alert. Only about 1 percent of the
data had drivers with a high drowsiness rating. SCEs involving highly drowsy drivers occurred
twice as often when the driver was not engaged in a secondary activity, supporting the idea that
secondary tasks may be used as a protective countermeasure to combat fatigue. However, more
research still needs to be conducted on the prevalence of and reasons for fatigue in motorcoach
drivers to appropriately support drivers.
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3. METHODS

The current analysis includes all data collected under the OBMS FOT.(®” This analysis is a
follow up to the Motorcoach Analysis, which analyzed data from two motorcoach fleets, each of
which collected data for 1 year.’” The current study includes both motorcoach and heavy truck
data.

3.1 DATA COLLECTION METHODS

3.1.1 Participants and Setting

More than 3.8 million miles of data were collected from 7 fleets and 10 locations under the
original OBMS FOT study.’" Figure 1 shows the locations of home terminals and the number of
vehicles in the dataset. Table 1 shows a breakdown of each fleet by operation type, the number
of vehicles and drivers, and the duration of data collection. Data were collected from June 2012
to July 2015.

Figure 1. Graphic. Location of each participating fleet and number of vehicles contributing to dataset.



Table 1. Participating fleets by location, operation type, vehicle, drivers and participation time.

Fleet Location Operation Vehicles | Drivers | Participation
A Baton Rouge, LA | Grocery—reefer 65 58 | 1 year
Dry goods—Ilong-haul and regional, both
B Escanaba, MI company and owner-operator drivers 8 9 | 3 months
Selma, NC Fuel-tanker 35 47 | 3 weeks
Tampa and Taft,
FL Fuel-tanker 42 23 | 6 months
E Los Angeles, CA | Motorcoach 22 38 | 1 year
San Antonio, TX | Motorcoach 21 35 | 2 years
1 month
(Coraopolis), 3
Coraopolis and weeks
G Williamsport, PA | Oil Field 14 17 | (Williamsport)
H Pembroke, NH Grocery—reefer 18 18 | 1 year

3.1.2 Data Acquisition System (DAS)

The DAS collected and stored video and dynamic performance (i.e., kinematic) data via a
network of sensors distributed around the vehicle. The unit itself consisted of seven major
components: the main central processing unit, video cameras, vehicle network box, front radar,
lane tracker, inertial measurement unit (IMU), and head unit. Each component was active when
the vehicle ignition system was turned on; the DAS itself remained active and recorded data
when the engine was on and the vehicle was in motion. The system shut down when the ignition
was turned off, and paused if the vehicle ceased motion for 5 minutes or longer.

There were two main DAS output files—digital video files and vehicle dynamic performance
data files—stored on the DAS’s external hard drive. The vehicle performance file contained the
kinematic driver input measures (e.g., lateral and longitudinal acceleration, steering movement,
etc.) and vehicle-related measures (e.g., GPS, light level, etc.). The digital video file contained
the video data continuously recorded during the trip.

The DAS contained multiple communication ports, including ethernet, serial, universal serial
bus, controller area network, and National Television System Committee (NTSC) video. It also
contained onboard wireless communication capabilities through cellular, Wi-Fi, and Bluetooth
bands. The base sensor suite included real-time H264 encoding; a multiplexed video channel
permitting up to six total video inputs; lane tracker; sound level meter; three axis gyroscopes;
three-axis accelerometers; and radar. Other sensors could be added and supported by the DAS as
required by research requirements. Data and video were encrypted to protect the confidentiality
of research participants and overall data collection.

Video Cameras. Real-time H264 encoding digital video cameras were used to continuously
record the driver and driving environment. The five video cameras—forward (enclosed in the
head unit); driver’s face (enclosed in the head unit); over-the-shoulder; rear-facing left; and rear-
facing right—were multiplexed into a single image, providing good visual coverage of the
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driving environment inside and outside the cab. By viewing the driver’s face, researchers could
conduct eye glance and ORD analyses. The over-the-shoulder view provided a top-down view of
the driver and the steering wheel, allowing for easier detection of secondary behaviors such as
cell phone interaction. Figure 2 shows the camera views for the five cameras used in the study.

| 1
o I .I wd
Over-the-Shoulder
-1 —

Figure 2. Photo. Five camera images multiplexed into a single image.

Vehicle Network. SAE International’s J1939 standard defines the format of messages and data
collected by heavy vehicles’ onboard microprocessors. The exact data network protocols and
standards depend upon the vehicle model, year, and manufacturer. A network box interface was
developed to access the data from this network and merge it into the DAS dataset. Typical
measures found on the vehicle network of most vehicles include, but are not limited to, vehicle
speed, distance since vehicle ignition, ignition signal, throttle position, and brake pressure. Other
driver input measures that were collected with sensors included right and left turn signal use and
headlight status (on/of¥).

Front Vehicle Onboard Radar (VORAD). A vehicle onboard radar (VORAD) unit was
installed on the front bumper of each motorcoach (see Figure 3) to measure range to lead
vehicles and objects. From the range measure, range rate and time-to-collision (TTC) can also be
derived.
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Figure 3. Photo. Front VORAD installed on a motorcoach vehicle.

Lane Tracker. The lane tracker in the DAS consisted of a single, high-dynamic range NTSC
color camera coupled with a DM 648 digital signal processor running machine vision firmware to
track the roadway painted lines and compute parametric data regarding vehicle position in the
lane and state of the lane markings. Once the initial camera offsets were entered (e.g., height and
lateral offset), the rest of the calibration and tuning was automatic while driving. The following
variables were reported:

e Distance from center of truck to left and right lane markings (estimated maximum error
less than 6 inches, average error less than 2 inches).

e Approximate road curvature.
e Confidence in reported values for each marking found.
e Marking characteristics, such as dashed versus solid and double versus single.

¢ Status information, such as in-lane or solid line crossed.
Inertial Measurement Unit (IMU). The IMU contained yaw rate sensors (three axis gyro)
providing a measure of steering instability (i.e., jerky steering movements) and X/Y/Z

accelerometers (three axes) used to measure longitudinal (x), lateral (y), and vertical (Z)
accelerations.

Head Unit. The head unit contained the forward and face video cameras, as well as a GPS
sensor to capture GPS position and speed.
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3.2

3.2.1

DATA REDUCTION METHODS

Characterize SCEs

As in previous naturalistic truck studies, the data for this study were processed with a set of
sensor trigger values to identify SCEs.(7>73"¥) After manual video review and confirmation that a
triggered event was a valid SCE, it was classified as a crash, near-crash, crash-relevant conflict,
or unintentional lane deviation as defined below:(7>

3.2.2

Crash: Any contact that the subject vehicle has with an object, either moving or fixed, at
any speed. Also included are non-premeditated departures of the roadway where at least
one tire leaves the paved or intended travel surface of the road.

Near-crash: Any circumstance that requires a rapid evasive maneuver by the subject
vehicle, any other vehicle, pedestrian, cyclist, or animal to avoid a crash.

Crash-relevant Conflict: Any circumstance that requires an evasive maneuver on the part
of the subject vehicle, any other vehicle, pedestrian, cyclist, or animal that is less urgent
than a rapid evasive maneuver (as defined above in near-crash), but greater in urgency
than a normal maneuver to avoid a crash. A crash avoidance response can include
braking, steering, accelerating, or any combination of control inputs.

Unintentional Lane Deviation: Any single-vehicle situation where the subject vehicle
unintentionally drifts or crosses over a lane line (e.g., into the shoulder or adjacent lane)
where there is not a hazard present (e.g., guardrail, steep ditch, vehicle, etc.) or the hazard
is never closer than one lane-width to the subject vehicle. If the hazard is closer than one
lane-width away, the event should be classified as crash-relevant, near-crash, or crash as
appropriate.

Running the Event Trigger Program

To find SCEs of interest, the data were scanned for notable actions, including hard braking
events, quick steering maneuvers, short TTC, and lane deviations. To identify these actions,
threshold values from previous truck studies were used to flag instances in the video and
quantitative data where the threshold values were met or exceeded.”® These triggers are defined
in Table 2.
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Table 2. Trigger definitions used in the OBMS dataset.

Trigger Type Definition Description
Deceleration greater than or equal
to | 0.20g | . Speed greater than or
Longitudinal Acceleration Hard braking equal to 3.5 miles per hour (mi/h).

Time-to-Collision

The amount of time (in seconds) it
would take for two vehicles to
collide if one vehicle did not

A forward TTC value of less than
or equal to 2 seconds (s), coupled
with a range of less than or equal to
250 feet (ft), a target speed of
greater than or equal to 5 mi/h, a

yaw rate of less than or equal to |
6° /s | , and an azimuth of less

(TTC) perform an evasive maneuver. than or equal to | 12° |.
A sudden “jerk” of the steering S value of greater than or equal to

wheel to return the truck to its 2°/s2. Speed greater than or equal

Swerve (S) original position in the lane. to 5 mi/h.
A lateral acceleration value of

greater than 0.1g (either left or

right) while traveling greater than

Any time the truck aborts the lane 45 mi/h with a lane distance off

Lane Deviation line. center greater than 1 meter (m).

3.2.3 Checking the Validity of the Triggered Events

A custom software program scanned the data to identify potential SCEs of interest, resulting in a
dataset that included both valid and invalid events. Valid events were those events where
recorded dynamic motion values actually occurred and were verified by video and other sensor
data. Invalid events were those in which sensor readings were spurious due to a transient spike or
other anomaly such as driving over a pothole (i.e., false positive). To determine the validity of
the events, data analysts observed the recorded video and data plots of the various sensor
measures associated with each trigger.

While valid events were further analyzed and classified as conflicts or non-conflicts, invalid
events were not further analyzed. Conflicts were valid events that represented a traffic conflict
(i.e., crash, near-crash, crash-relevant conflict, or unintentional lane deviation). Non-conflicts
were events that were not safety critical even though their trigger values were valid (true trigger).
These types of non-conflicts were analogous to nuisance alarms—where the threshold value for
an event was set ineffectually.

Examples of valid events that were non-conflicts included hard braking by a driver in the
absence of a specific crash threat or a high swerve value from a lane change not resulting in any
loss-of-control, lane departure, or proximity to other vehicles. While such situations may have
reflected at-risk driving habits and styles, they did not result in a discernible SCE.

3.2.4 Applying the Data Dictionary to the Validated Events

An event-coding data dictionary, adapted from the criteria used in Olson et al. and Dingus et al.,
was used to reduce and analyze all valid SCEs.””-’® The data viewing software presented the
data analyst with a series of variables consisting either of a pull-down menu to select the most
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applicable code, check boxes for analysts to choose all options that apply to a particular variable,
or a blank space for entry of specific comments (e.g., event comments). Different variables had
different coding rules. For most variables, only one code was selected, but for a few variables,
the data analyst could select up to four applicable codes. For example, analysts could select
multiple secondary tasks.

3.2.5 Baseline Epochs

In addition to the SCEs described, baseline epochs were created. The creation of a baseline
dataset enabled researchers to describe and characterize “normal” driving for the study sample,
and thereby infer the increased or decreased risk associated with various conditions and driver
tasks with comparisons between the control (baseline) dataset and the SCE dataset. Baseline
epochs were defined as “an epoch of data selected for comparison to any of the conflict types
listed above rather than due to the presence of conflict.”(”

A random sampling method was used to obtain baseline epochs, which were selected based on
driver exposure. That is, the more mileage a given driver drove during the study, the more
baseline epochs for that driver were included in the baseline dataset. In addition, all baseline
epochs involved the vehicle traveling at a minimum speed of 5 mi/h. More specifically, the
proportion of an individual driver’s driving mileage (when the vehicle was traveling faster than 5
mi/h) was divided by the total driving mileage across this dataset (when the vehicle was traveling
faster than 5 mi/h) and multiplied by 100 percent. This percentage reflected each individual
driver’s exposure and was used to determine the frequency of baseline epochs needed. Data
analysts used a subset of variables from the data dictionary to reduce and analyze baseline
epochs. Baseline epoch variables are noted as such in the dictionary.

3.2.6 Quality Control

To ensure SCE and baseline epoch data-coding accuracy, several quality control steps were
implemented during the reduction process. At the beginning of each analyst’s training, the
analyst reviewed the data dictionary and discussed each variable of the annotation with a
supervisor. The supervisor then led the analyst through a data reduction. Afterwards, the analyst
worked on data reduction under the direction of experienced analysts. The supervisor checked
100 percent of the completed work, leaving notes on errors for analysts to review and correct at
the beginning of their next shift. Throughout the reduction period, supervisors performed spot
checks, and analysts were required to take an inter-rater test of corrected annotations. The
supervisor would use the results to grade the analyst’s understanding of the data dictionary, using
the grade and any continuous mistakes noted on work completed to provide progress updates and
guidance if necessary. Once supervisors deemed analysts proficient, the percentage of quality
control for the analyst was lowered. The percentage drop of randomly selected events began at
75 percent and continued to fall until it reached 25 percent.

3.2.7 Eye Glance Reduction

To measure visual attention or inattention, an eye glance analysis was conducted for each SCE
and baseline epoch. For SCEs, the eye glance analysis was conducted on the 20 seconds prior to
the precipitating event and the 10 seconds after the event. For baseline epochs, eye glance
analysis was conducted on the 20 seconds prior to the trigger (i.e., random marker in the file) and
the 1 second after the trigger. Although the eye glance analysis for SCEs covered a longer period
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of time, only 6 seconds of eye glance data (5 seconds before the precipitating event and 1 second
after) was used to be consistent with previous research.®%8D) Data analysts viewed the video
through the data viewing and reduction software and held down the appropriate letter/key when
the driver’s eye glance was in a specific direction. If the driver’s eyes were not visible due to
sunglasses or glare from the sun, driver head movement was used to identify glance location.
Eye glance locations used in this study (adapted from Olson et al. and Dingus et al.) are listed
below: (8239

e Forward

¢ Right mirror/out right window

e Left mirror/out left window

e Over-the-shoulder (left or right)
e Center stack

e Cell phone

e Interior object

e No eyes visible—glance location unknown
e Eyes closed

e Right windshield

e Left windshield

e Rearview mirror

e Instrument cluster

e Passenger

e Portable media device

e Other

e No eyes visible—eyes off road

Each glance location was assigned a different letter, as shown in Figure 4. For example, the data
analysts would input an “F” when the driver glanced at the forward roadway.
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Time:

Mo Video
Transition e -
Nao Diriver
Eyes Closed
Mo Eyes Visible - Eyes are Off-Roa
Mo Eyes Visible - Glance Location Unkgtohwn

Interior Object sesssansesen

Portable Media
Cell Phone
Passenger
Center Stack
Instrument Cluster
Over-the-Shaoulder (left or right)
Right Window,/Mirror
Right Windshield
Forward -

Left Windshield

Left Window/Mirror
Rearview Mirror
Maone

4,538,000 4,540,000 4,542,000

Values:

Q: Transition | [ M: Rearview Mirror | V: Mo Video |

| L Left Window/Mirror | D: Left Windshieid|  F: Forward | G: Right Windshield | R: Right Window/Mirror |

[ S: Over-the-Shoulder (left or right) [ L Instrument Cluster [ C: Center Stack [ A: Passenger |

| P:Cell Phone | H: Portable Media Dev | W: Interior Object|  O:Other |

[ E: Mo Eyes Visible - Glance Location Unknown [T: Mo Eyes Visible - Eyes are Off—Rcadl Z: Eyes Closed |
¥: No Driver |

Figure 4. Screen capture. Eye glance location window in data viewing software.

Though each of the above eye glance locations was coded during eye glance reduction, all
glances away from the forward roadway were grouped together for the analysis. For example, if
the driver looked forward